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In bacteriophage (phage) therapy against Gram-positive bacteria, such as Staphylococcus aureus, Listeria
monocytogenes, and Enterococcus faecalis, members of a genus of SPO1-like viruses are typically employed
because of their extreme virulence and broad host spectrum. Phage GEF24C, which is a SPO1-like virus
infecting E. faecalis, has previously been characterized as a therapeutic phage candidate. In addition to the
phage itself, phage endolysin is also recognized as an effective antimicrobial agent. In this study, a putative
endolysin gene (orf9) of E. faecalis phage bEF24C was analyzed in silico, and its activity was characterized using
the recombinant form. First, bioinformatics analysis predicted that the open reading frame 9 (ORF9) protein
is N-acetylmuramoyl-L-alanine amidase. Second, bacteriolytic and bactericidal activities of ORF9 against E.
Jaecalis were confirmed by zymography, decrease of peptidoglycan turbidity, decrease of the viable count, and
morphological analysis of ORF9-treated cells. Third, ORF9 did not appear to require Zn>* jons for its activity,
contrary to the bioinformatics prediction of a Zn>* ion requirement. Fourth, the lytic spectrum was from 97.1%
(34 out of 35 strains, including vancomycin-resistant strains) of E. faecalis strains to 60% (6 out of 10 strains)
of Enterococcus faecium strains. Fifth, N-acetylmuramoyl-L-alanine amidase activity of ORF9 was confirmed by
matrix-assisted laser desorption ionization—-time of flight mass spectrometry (MALDI-TOF MS) and the
subsequent MALDI-postsource decay (PSD) analyses. Finally, functional analysis using N- or C-terminally
deleted ORF9 mutants suggested that a complete ORF9 molecule is essential for its activity. These results

suggested that ORF9 is an endolysin of phage GEF24C and can be a therapeutic alternative to antibiotics.

Bacteriophage (phage) are an abundant and diverse life
form, universally present in the environment. Tailed phage
comprise 96% of isolated phage. Their life cycle involves ad-
sorption, production of progeny phage, and the release of
progeny phage by bacteriolysis. At the late infection phase,
bacteriolysis is caused by two proteins called holin and endo-
lysin that are encoded by phage genomes. It is thought that
holins form pores to allow endolysin access to peptidoglycan
and that endolysin degrades the peptidoglycan layer.

Along with the recent revival of phage therapy and the fast
development of scientific research, in addition to phage itself,
endolysin application has also been proven to be effective as an
alternative antimicrobial agent against drug-resistant bacteria,
and this is recognized as a part of phage therapy (4, 14).
Endolysin is preferable in the treatment of intractable infec-
tions caused by drug-resistant Gram-positive bacteria, because
it not only selectively destroys the target bacteria without dis-
turbing normal microflora, but is also considered to have less
chance of inducing resistant bacteria. One of the targeted
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bacteria in phage therapy using endolysin is Enterococcus fae-
calis. E. faecalis is recognized as an opportunistic pathogen and
is the most commonly clinically isolated Enterococcus sp. In the
worst case, it can develop drug resistance against vancomycin
or linezolid, or both, and cause intractable infections (3).

Previously, we reported E. faecalis phage $EF24C, with high
virulence and an extremely broad host spectrum, belonging to
SPO1-like viruses, which are a group of virulent phage against
Gram-positive bacteria (18, 19). It was characterized as a ther-
apeutic phage candidate by in silico, in vitro, and in vivo ana-
lyses (19). Through a toxicogenomic study performed as part of
an evaluation of therapeutic phage, the endolysin gene was
hypothesized to be orf9 (19). In this study, endolysin ORF9 of
phage dEF24C was characterized, using a recombinant protein
produced by Escherichia coli.

MATERIALS AND METHODS

Bacterial strains, culture conditions, pl ids, and reagents. All bacteria

employed in this study are described in Table 1. Escherichia coli was propagated
in Luria-Bertani medium. Staphylococcus aureus and E. faecalis strains were
propagated in tryptic soy broth medium. All bacteria employed in this study were
incubated in shaking culture at 37°C unless otherwise stated. The protein ex-
pression plasmid pCold IIT was purchased from Takara Bio (Kyoto, Japan). The
medium was supplemented with ampicillin at a final concentration of 100 pg/ml
for cloning of the gene and overexpression of the protein in E. coli. Culture
media and chemicals were purchased from Becton Dickinson and Company
(Sparks, MD) and Nacalai Tesque (Kyoto, Japan). Phosphate-buffered saline
(PBS) at pH 7.2 was used in the study.
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TABLE 1. Bacterial strains employed in this study

Bacterium Strain No. of strains Description Reference

E. coli BL21 1 Employed for protein expression
DH5a 1 Employed for cloning/lytic-spectrum test

E. faecalis EF1-EF30 30 Clinical isolates 18
VRE1-VRE4 4 Clinical vancomysin-resistant isolates 18
19433-U 1 Reference strain 18

E. faecium EFuml-10 10 Clinical isolates 18

S. aureus SA37, -46 2 Clinical isolates 15
MR, -3, -4, -5, -6, -7, -8 7 Clinically isolated methicillin resistant strains 15
209pP 1 Reference strain 15

Bioinformatics analysis. The sequence of the putative endolysin gene (orf9)
and that of its putative gene product (ORF9) were obtained from genomic
sequence data (GenBank accession no. AP009390). ORF9 was bioinformatically
analyzed using the protein-protein basic local alignment search tool (BLASTp)
at the National Center for Biotechnology Information (NCBI) (http://blast.ncbi
.nlm.nih.gov/Blast.cgi). Protein structure and function predictions were per-
formed with I-TASSER (http://zhang.bioinformatics.ku.edu/I-TASSER/) (16).

Cloning and overexpression of the recombinant protein. Phage $EF24C
genomic DNA was obtained using a method described elsewhere (18, 19). All of
the primers used in this study were designed based on the genome sequence (see
Table S1 in the supplemental material). The coding sequence of orf9 was am-
plified by PCR (LaboPass SP-Tuaq kit; Hokkaido System Science, Hokkaido,
Japan) with the appropriate primer sets (see Table S2 in the supplemental
material), using $EF24C genomic DNA as a template, following the manufac-
turer’s protocol. Subsequently, the terminal ends of the PCR product were
digested with the restriction enzymes EcoRI and BamHI (Takara Bio) and were
cloned into pUCIS8. The accurately cloned fragment in pUC18 was then excised
with EcoRI and Xbal and recloned into the expression vector pCold III. The
plasmids were transformed into E. coli strains DH5a and BL21 for cloning and
protein expression, respectively.

To overexpress the recombinant protein, E. coli BL21 containing the appro-
priate plasmid was exponentially grown to an optical density at 600 nm (OD)
of 0.6 to 0.8 and then allowed to stand for 30 min at 15°C. The growth medium
was supplemented with isopropyl-B-p-thiogalactopyranoside (IPTG) at 1 mM,
and the bacteria were cultured aerobically for 24 h at 15°C. After centrifugation
(6,000 X g; 10 min; 4°C), the supernatant was decanted, and cell pellets were
obtained and then stored at —80°C until they were used. To check overexpres-
sion of the recombinant protein in E. coli, the cell pellets were dissolved in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer and then boiled for 5 min. After centrifugation (20,000 X g; 4°C; 5 min),
the supernatants of the IPTG-induced and non-IPTG-induced samples were
separately electrophoresed in a 12.5% SDS-PAGE gel and stained using Coo-
massie brilliant blue R250 to confirm overexpression of the protein.

Purification of the recombinant protein. Bacterial cells prepared from 250 ml
culture were resuspended in 20 ml lysis buffer (100 mM sodium phosphate, 300
mM NaCl, pH 7.8) and sonicated (36 five-second pulses at five-second intervals)
on ice. After centrifugation (10,000 X g; 20 min; 4°C), the supernatant was added
to 1 ml Talon Metal Affinity Resin (Clontech Laboratories, Mountain View, CA)
and gently mixed (90 min; 4°C). The resin was transferred into a column and
eluted with 50 mM sodium phosphate, 300 mM NaCl, pH 6.0, followed by the
same buffer supplemented with 5 mM imidazole. When 150 mM imidazole-
supplemented buffer was applied, the eluate was collected. The collected fraction
was dialyzed against PBS. The protein solution was analyzed on 12.5% SDS-
PAGE gels using Coomassie brilliant blue R250 staining to determine the degree
of recombinant protein purification. Protein was quantified using the Bradford
reagent (Sigma-Aldrich, St. Louis, MO).

Preparation of bacteria and E. faecalis peptidoglycan. E. faecalis, Enterococcus
faecium, E. coli, and S. aureus strains, which were grown to mid-log phase, were
washed three times with PBS. The bacteria were suspended in PBS and were
used for a lysis assay and a host spectrum test.

SDS-treated E. faecalis was prepared for zymography. An exponentially grow-
ing culture (300 ml at an ODyy, of 0.6) of E. faecalis strain EF24 was washed with
PBS, and the cells were boiled in 4% SDS for 30 min. The cells were washed six

times with deionized water and then freeze-dried. The bacterial powder was used
for a zymographic analysis.

Turbidity assays and matrix-assisted laser desorption ionization—time of flight
mass spectrometry (MALDI-TOF MS) analysis used lyophilized E. faecalis
STF-3 (ATCC 12984) cell walls (M3440; Sigma-Aldrich).

Zymography. IPTG-induced and non-IPTG-induced E. coli BL21(pColdIII
ORF9-His) (1.0 ml) was pelleted by centrifugation, and then the bacterial pellets
were suspended in 100 pl SDS-PAGE sample buffer. After a 5-min boil, the
samples were electrophoresed in a 12.5% SDS-PAGE gel containing 0.3 to 0.4
mg/ml of SDS-treated E. faecalis strain EF24. After the electrophoresis, the gel
was washed three times in deionized water for 10 min each time. The gel was
incubated in renaturation buffer (25 mM Tris-HCI, pH 7.8) overnight. To obtain
better resolution of the clear band, the gel was stained using Coomassie brilliant
blue R-250 and destained overnight with 7.5% acetic acid containing 10% meth-
anol at room temperature. The gel was visualized using a GT-X800 scanner
(Seiko Epson, Nagano, Japan).

Measurements of ORF9 peptidoglycan-degrading and bacteriolytic activities.
The turbidity of peptidoglycan or bacterial cells suspended in PBS was measured
at 595 nm, using a Multiskan JX spectrophotometer (Thermo Labsystems, Stock-
holm, Sweden). The suspension (100 wl) was loaded in wells of a sterile, un-
coated polystyrene 96-well plate. All plates were incubated with shaking at 37°C.
Six replicates were prepared for each treatment group. In all of the lytic activity
assays, PBS that did not contain the purified protein was also tested as a negative
control. The dose-response and time-dependent activities were analyzed using
GraphPad Prism 4 software (GraphPad Software, La Jolla, CA), and statistical
analysis of the data was conducted with the GraphPad InStat 3 software (Graph-
Pad Software). Lytic activity was considered to be present when the P value was
<0.05. The initial turbidity of suspensions was set from about 0.2 to 0.3, except
for E. faecalis STF-3 peptidoglycan, which was set as 0.1.

First, serial dilutions of the purified ORF9-His were added to E. faecalis STF-3
peptidoglycan in PBS. Turbidity measurements were conducted at 5, 15, 30, and
60 min. Next, serial dilutions of the purified ORF9-His were added to PBS-
washed E. faecalis strain EF24 in PBS. Turbidity measurements were conducted
at 15-min intervals up to 3 h. At the same time, bacterial suspensions incubated
with various concentrations of ORF9-His for 3 h were plated on tryptic soy broth
and then incubated at 37°C overnight. The colonies were counted. Along with the
two experiments mentioned above, negative-control experiments were conducted
to check the influence of protein on peptidoglycan and bacterial viability. Pep-
tidoglycan and bacteria were treated with bovine serum albumin (BSA) at 0,
1073, 1072, 107", 1, and 10 mg/ml. Third, E. faecalis strain EF24 suspended in
PBS with or without 50 mM EDTA was treated with 0.1 mg/ml of ORF9-His. The
turbidity was monitored at 30-min intervals up to 90 min. Fourth, E. faecalis, E.
faecium, S. aureus, or E. coli strains suspended in PBS were treated with 0.1
mg/ml of ORF9-His. The turbidity of the suspensions was monitored at 60-min
intervals up to 180 min.

Finally, to test the lytic activity of one-side-deleted ORF9 mutant proteins, the
deleted ORF9 mutant proteins in a soluble form (0.1 mg/ml) were added to E.
faecalis strain EF24 suspended in PBS. ORF9-His was used as a positive control.
The turbidity of the suspensions was monitored at 15-min intervals up to 60 min.

Microscopic observation. PBS-washed E. faecalis strain EF24 was treated with
ORF9-His (0.1 mg/ml) or PBS (total volume of 100 wl) and shaken at 37°C for
1 h. After incubation, 2% glutaraldehyde (TAAB Laboratories Equipment) was
added to stop the reaction. The cell pellet was coated with 1% agarose, rinsed
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FIG. 1. Bioinformatics analysis of the ORF9 amino acid sequence.
The N-acetylmuramoyl-L-alanine amidase domain predicted by
BLASTDp is surrounded by a gray line. The amino acid residues for
substrate binding (His-35, Asn-36, Ala-54, Ala-58, Val-71, Phe-78,
His-79, Asn-95, His-145, Thr-149, Thr-151, Ala-152, and Cys-153),
Zn** binding (His-34, His-145, and Cys-153), and amidase catalysis
(His-34, Ala-58, His-145, Thr-151, and Cys-153) were also predicted in
the N-acetylmuramoyl-L-alanine amidase domain predicted by
BLASTDp. According to the structure-based bioinformatics analysis by
I-TASSER, ligand binding amino acid residues were predicted (shown
in boldface and underlined).

with PBS that contained 5% sucrose, and postfixed with 1.5% osmium tetroxide
in 0.1 mol/liter phosphate buffer containing 5% sucrose at 4°C for 1 h. After
dehydration through a graded series of ethanol concentrations, the fixative was
replaced with propylene oxide, and the samples were embedded in epoxy resin
(TAAB 812). Ultrathin sections were prepared, stained with uranyl acetate and
lead citrate, and observed using an H7100 transmission electron microscope
(Hitachi, Tokyo, Japan).

Analysis of the ORF9 peptidoglycan cleavage site. The preparation of high-
performance liquid chromatography (HPLC) samples generally followed the
procedure of Yoshimura et al. (24). Briefly, E. faecalis STF-3 peptidoglycan (0.8
mg) was treated with either ORF9-His (0.2 mg/ml) or mutanolysin (0.14 mg/ml;
Sigma-Aldrich) overnight at 37°C. The digested peptidoglycan was adjusted to
pH 4.0 by adding 20% H3PO, and then boiled for 5 min to stop the reaction.
Insoluble material was removed by centrifugation (14,000 X g; 15 min; room
temperature). The pH was adjusted using 1.5 M sodium borate buffer (pH 9.0),
sodium borohydride was added, and the mixture was incubated for 15 min at
room temperature before 20% H;PO, was added. For deacetylation of muropep-
tides, the pH of the solution was brought to 12.0 with 4 N NaOH, and the
reaction mixture was incubated for 90 min at 37°C. Subsequently, 4 N HCI was
added to adjust the pH to 2.5. After centrifugation (14,000 X g; 15 min; room
temperature), the supernatant was filtered to 0.22 wm. The muropeptides were
separated on a Hypersil ODS (5-pm; 250- by 4.6-mm) column (Supelco, Belle-
fonte, PA) by HPLC (class LC-10 system; Shimadzu, Japan) using a 0.5-ml/min
flow rate at 45°C. A linear gradient of 5% methanol in 50 mM NaH,PO, (pH 2.5)
to 30% methanol in 50 mM NaH,PO, (pH 2.8) was applied over 180 min. The
eluted compounds were detected by monitoring absorbance at 206 nm, and the
eluates at peak were collected.

The peak fractions were analyzed by MALDI-TOF MS and MALDI-post-
source decay (PSD). The individual peaks were first concentrated in a centrifugal
vacuum evaporator and then desalted using ZipTipC18 pipette tips (Millipore,
Billerica, MA). The peaks dissolved in 50% acetonitrile-0.1% trifluoroacetic acid
were cospotted with an equal volume of the matrix (a-cyano-4-hydroxycinnamic
acid dissolved in a mixture of 50% acetonitrile-0.1% trifluoroacetic acid in a
saturated solution) onto a sample plate. The peaks were analyzed by MALDI-
TOF or MALDI-PSD mass spectrometry, or both, using a Biflex IV mass spec-
trometer (Bruker Daltonik, Germany).

RESULTS

In silico analysis of ORF9. According to the NCBI BLASTp
analysis, the conserved protein domain, peptidoglycan recog-
nition protein (PGRP) (amino acids 27 to 157, with an E value
of 3e—15) or N-acetylmuramoyl-L-alanine amidase (amino ac-
ids 17 to 157, with an E value of 5e—12), and amino acid
residues for substrate binding, Zn** binding, and amidase ca-
talysis were predicted for ORF9 (Fig. 1). In contrast, no func-
tionally important protein domains were detected in the C-
terminal region (from amino acid 200 to 289), although this
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FIG. 2. Lytic activity of ORF9 against E. faecalis peptidoglycan and
cells. (A) Zymography of ORF9-His-overexpressing E. coli. In the left
and right lanes, E. coli BL21(pColdIlI ORF9-His) without and with
IPTG induction, respectively, is shown. Only E. coli BL21(pColdIIl
ORF9-His) with IPTG induction (right lane) showed a clear band,
which was detected at the expected molecular size (arrow). (B) Dose-
response curve of ORF9-His against E. faecalis peptidoglycan, sum-
marizing the data at 10 min after the turbidity assay. Concentration-
dependent ORFY effects were observed. (C) Time course assay of
ORF9-His treatment against E. faecalis peptidoglycan. Various con-
centrations of ORF9-His were treated with E. faecalis peptidoglycan;
limited concentrations of ORF9-His treatment are presented. The
ORF9-His concentrations at 0 (O), 10™* (@), 107> (A), and 1 (®)
mg/ml are shown. The turbidity decreased time dependently.
(D) Dose-response bactericidal effect of ORF9 against E. faecalis cells.
Three hours after ORF9 treatment of E. faecalis cells, the viable count
was measured. The error bars indicate the SD.

region is moderately homologous to those of prophage lysins
of E. faecalis and Lactococcus phage asccd28 lysin.

To revalidate the bioinformatics prediction indicated above,
a structure-based bioinformatics analysis was performed using
I-TASSER. The N-acetylmuramoyl-L-alanine amidase func-
tions were likewise structurally predicted. However, substrate
binding amino acid residues scattered from the N- to the C-
terminal region of the ORF9 sequence were estimated (Fig. 1).
Thus, from this prediction, the entire ORF9 sequence seemed
to be essential.

Peptidoglycan degradation and cell lysis activities of ORF9.
To confirm lytic activity, cell extracts of E. coli BL21 overex-
pressing the recombinant ORF9, ORF9-His, were analyzed by
zymography (Fig. 2A). A clear band of recombinant ORF9
expressed in E. coli was detected on the zymogram. Moreover,
an E. faecalis (STF-3) peptidoglycan was incubated with vari-
ous concentrations of the purified ORF9-His (0, 0.0001,
0.0003, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, and 1 mg/ml). After 10
min, the E. faecalis peptidoglycan treated with various concen-
trations of ORF9-His showed dose-dependent turbidity change
(Fig. 2B), and a concentration of more than 0.1 mg/ml of
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FIG. 3. Electron micrograph of PBS-treated (A) and ORF9-His-
treated (B) E. faecalis. In both panels, the right and left images show
X13,000 and X22,000 magnification, respectively. Scale bars are also
shown.

ORF9-His showed the strongest lytic activity. In the presence
of ORF9-His, the turbidity of the peptidoglycan suspension
decreased with time elapsed (Fig. 2C). In the negative-control
experiment, peptidoglycan turbidity was not different in the
presence of BSA at any time point. Thus, the enzyme was
considered to be able to degrade E. faecalis peptidoglycan.

To prove bactericidal and bacteriolytic activity of ORF9 by
peptidoglycan degradation, E. faecalis strain EF24 was treated
with various concentrations of ORF9-His, and the bacterial
viable count was measured at 3 h (Fig. 2D). In the negative-
control experiment, the viable bacterial count was not different
in the presence of BSA. The viable count also showed a dose-
dependent bactericidal effect. The viability could be reduced to
9.6% * 2.7% (mean = standard deviation [SD]) after ORF9-
His treatment at more than 0.1 mg/ml compared with the
untreated control group. In addition, the morphology of the E.
faecalis cells under either ORF9-His or PBS treatment was
examined by electron microscopy (Fig. 3), which showed bac-
teriolysis and eruption of the cell contents. Therefore, ORF9
was considered to degrade the bacterial cell wall and kill the
bacteria.

To examine the requirement for Zn*" for ORF9-His activ-
ity, E. faecalis EF24 cells were treated with ORF9-His in the
presence or absence of 50 mM EDTA in PBS. ORF9 was
bioinformatically predicted to have N-acetylmuramoyl-L-ala-
nine amidase activity, which requires a Zn*" ion. However, the
activity of ORF9-His was not statistically different in the pres-
ence or absence of 50 mM EDTA. Moreover, zymographic
analysis did not indicate any cationic ion requirement for its
lytic activity, because no cationic ions were included in the
renaturation buffer. Thus, Zn>" ions did not seem to be es-
sential for ORF9 activity.

Bacteriolytic spectrum of ORF9. To screen ORF9 bacterio-
Iytic specificity against different bacterial species and strains,
the turbidity changes of 35 E. faecalis strains (30 clinical iso-
lates, 4 clinical vancomycin-resistant isolates, and 1 ATCC
strain), 10 clinical E. faecium strains, 9 clinical (7 methicillin-
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resistant isolates and 2 methicillin-sensitive isolates) and 1
laboratory S. aureus strains, and E. coli strain DH5« between
ORF9-His (0.1 mg/ml) and PBS treatments were assessed (Ta-
ble 2). The lytic spectrum was from 97.1% (34/35) against E.
faecalis to 60% (6/10) against E. faecium. On the other hand,
ORF9-His did not show lytic activity against any S. aureus and
E. coli strains.

Site of peptidoglycan cleavage by ORF9. To verify the pep-
tidoglycan cleavage site for ORF9 activity, a structural analysis
of ORF9-His-digested E. faecalis peptidoglycan was per-
formed. The HPLC chromatograms of ORF9-His- and mu-
tanolysin-treated E. faecalis peptidoglycan showed different
separation patterns, so ORF9 was considered to have enzy-
matic activity different from that of mutanolysin. Six major
peaks of ORF9-His-treated peptidoglycan were collected and
then analyzed by MALDI-TOF MS for molecular mass eluci-
dation (Fig. 4A and B). As a result, a peptide that was de-
tached from peptidoglycan was considered to be a major com-
ponent. Subsequently, these HPLC fractions were further
analyzed by MALDI-PSD for structural elucidation (data not
shown), and the structure of the ORF9-His-treated peptidogly-
can was confirmed (Fig. 4C). Thus, ORF9 was confirmed to
have N-acetylmuramoyl-L-alanine amidase activity, consistent
with the prediction from bioinformatics analysis.

Construction of ORF9 deletion mutants and their lytic ac-
tivities. ORF9 function was identified as N-acetylmuramoyl-L-
alanine amidase, as described above. We investigated the func-
tionally important region of ORF9 using N- and C-terminally
deleted ORF9 mutants. Eight defective mutant ORF9 proteins
that had deletions in either their N-terminal or C-terminal
ends were constructed (Fig. 5A), and their lytic activities
against E. faecalis cells were measured in a turbidity assay.
Unfortunately, only three C-terminally deleted ORF9 mutants,
ORF9APGNB1, ORF9APGNB2, and ORF9APGNRB3, were able
to be purified in a soluble form. Their lytic activities against E.
faecalis strain EF24 were measured. The turbidity after treat-
ment with all three C-terminally deleted ORF9 mutants was no
different from that after treatment with PBS (i.e., the negative
control), although the turbidity after ORF9-His treatment was
significantly decreased. These results (Fig. 5B) suggest that the
N- and C-terminal portions are significantly important for
ORFY solubilization and stability of the protein and essential
for lytic activity, respectively. Therefore, we believe that a
complete ORF9 protein is important for enzymatic stability
and activity.

DISCUSSION

Some N-acetylmuramoyl-L-alanine amidases have been re-
ported to have Zn?*-dependent peptidoglycan recognition
domains (21, 24). ORF9 was also identified as the N-acetyl-

TABLE 2. Lytic spectrum of ORF9

Lytic spectrum [% (no. of
lysed/tested strains)]

Tested bacterium

E. faecalis
E. faecium .
S. aureus ...
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A
1 4
2
3 6
5
B . Monoisotopic mass
Peak Structure of major
number* muropeptide ** Calculated Observed
[M+Na]* [m/z]
1 1  n=0 510.3 510.2
2 2r n=0 652.3 652.3
3 3r  n=1 1050.6 1050.6
4 4r  n=1 1192.6 1192.5
5 5r  n=2 1590.9 1590.8
6 6r n=2 1732.9 1732.8
C Acceptor stem Donor stem
AIIa AIIa
r: (2n+1) group iGIn i(?ln
Lys—Ala—Ala-~Ala—Lys—Ala— Ala
n=0,1,2 + + -
Acceptor stem Donor stem
AIIa AIIa
r: (2n+2) group i(?ln iclaln
Lys—Ala—Ala-Ala—Lys—Ala— Ala
|
Ala n=012-- -

|
Ala

FIG. 4. Structural analysis of ORF9-His-treated E. faecalis pep-
tidoglycan. (A) Reversed-phase HPLC separation of ORF9-His-
treated E. faecalis peptidoglycan. The numbers from 1 to 6 above the
peaks indicate the isolated fractions. (B) Structures and molecular
masses of the isolated fractions. *, peak numbers refer to the HPLC
chromatograms; **, 1r, Ala-iGln-Lys(¢)-Ala-Ala; 2r, Ala-iGln-Lys|[(¢)-
Ala-Ala]-Ala-Ala; iGln, isoglutamine. (C) Determined structure of the
ORF9-His-treated E. faecalis peptidoglycan.

muramoyl-L-alanine amidase in this study. However, despite
the bioinformatics prediction of Zn®" binding sites in the N-
terminal protein domain by BLASTp, Zn*" did not seem to be
essential in its activity, because ORF9 showed lytic activity in
the turbidity assay in the presence of EDTA and in the zymo-
graphic resolution after renaturation without any ion supple-
mentation.

Moreover, although the C-terminal region did not seem to
be essential in the BLASTp analysis, the C-terminally deleted
ORF9 mutant did not show any lytic activity. This observation
was consistent with the structure-based bioinformatics analysis
(Fig. 1). Even the longest ORF9 mutant with a C-terminal
deletion, ORF9APGNRB3, which was deficient in the last three
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essential amino acid residues for ligand binding, Asp-257, Ile-
258, and Pro-259, as predicted by structure-based bioinformat-
ics analysis, did not show lytic activity. Thus, the C-terminal
portion of ORF9 appears to be essential for N-acetyl-
muramoyl-L-alanine amidase activity.

A similar phenomenon, in which lytic activity of an endolysin
was abolished by any deletion of the protein, was previously
reported in the well-studied Listeria phage endolysins Ply118
and Ply500 (12). Both endolysins are similar in molecular size
to ORFO. Interestingly, while the N-terminally deleted pro-
teins (i.e., C-terminal regions) of both Plyl18 and Ply500
showed cell wall binding activity without lytic activity, the C-
terminally deleted protein (i.e., the N-terminal region) showed
neither lytic activity nor binding activity. Based on this evi-
dence, the C-terminal region of ORF9 may also have a binding
function.

The level of the lytic activity of ORF9 against E. faecalis
varied from strain to strain (data not shown). This strain-to-
strain difference in lytic activity may be due to different levels
of peptidoglycan modification. For example, O-acetylated E.
faecalis peptidoglycan is known to be resistant to lysozyme (6).
ORF9 also showed weak lytic activity against some E. faecium
strains, suggesting that a difference in the peptidoglycan inter-
peptide bridge between E. faecalis and E. faecium (L-Ala-L-Ala
and D-Asp, respectively) is not essential for the activity of
ORF9 (20).

Phage endolysin generally has a broader host spectrum in
bacterial species than its original phage, which is also consis-
tent with phage ¢ EF24C and its endolysin, ORF9. However,
interestingly, ORF9 could not lyse the only E. faecalis strain,
EF9, although phage ¢ EF24C can multiply in the strain. This
phenomenon is very unusual, because phage multiplication
requires endolysin to release progeny phage at the late phase
of infection. In phage ¢EF24C, more than half of the hypo-
thetical genes have not been functionally predictable against
the present database. Recently, different types of endolysin
from the holin-endolysin system have been reported (8, 23).
Therefore, $EF24C may possibly have another type of lytic
mechanism for progeny phage release, in addition to the
ORF9-associated holin-endolysin system.

In terms of the genomic location and protein domain struc-
ture, two types of endolysin seem to be present in SPO1-like
viruses, including ¢EF24C. First, endolysins of Lactobacillus
plantarum phage LP65 and S. aureus phage K, G1, Twort, and
812 are predicted to have more than two protein domains, and
the genes are located at the ends of the tail protein genes, in
the middle of DNA replication-associated genes, or in both
locations (2, 7, 13). Some of the endolysin genes have introns.
On the other hand, among phage $EF24C and Listeria mono-
cytogenes phage A511 and P100, the endolysin gene, with only
one N-acetylmuramoyl-L-alanine amidase domain, is unusually
located in the head-neck protein gene region (1, 9). Fortu-
nately, the L. monocytogenes phage A511 endolysin plyS11 is
well characterized as an endolysin (5, 10, 11, 17). Therefore,
ORPFY is considered to be an endolysin, belonging to the same
group as L. monocytogenes phage A511 in terms of the location
of the gene in the genome and the primary protein structure of
its gene product.

A recent study of human phage therapy against Pseudomo-
nas chronic otitis showed that a reduction of bacteria to ap-
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Recombinant  Purified Lytic
protein form activity
ORF9-His soluble Yes
ORF9AAmI1 insoluble  N.A.
ORF9AAmMIi2 insoluble  N.A.
ORF9AAmMI3 insoluble  N.A.
ORF9AAmIi4 insoluble  N.A.
ORF9AAmIi5 Insoluble  N.A.
ORF9APGNB1 soluble No
ORF9APGNB2 soluble No
ORF9APGNB3 soluble No

FIG. 5. (A) Schematic overview of ORF9-His and eight deletion mutants of ORF9-His. ORF9AAmil, ORF9AAmi2, ORF9AAmi3,
ORF9AAmi4, and ORF9AAmI5 are N-terminal deletions of ORF9-His. ORFIAPGNB1, ORFIAPGNB2, and ORF9APGNB3 are C-terminal
deletions of ORF9-His. (B) Purified forms and lytic activities of ORF9-His and the deletion mutants. Lytic activity was tested against E. faecalis
strain EF24. Only the soluble deletion mutant ORF9s and ORF9-His were subjected to lysis assay. N.A., not applicable; yes, lysed; no, not lysed.

proximately 20% within 21 days results in successful treatment
(22). Considering that approximately 90% of viable-count re-
duction by ORF9 treatment occurs within 3 h in vitro, ORF9
may be applicable to such intractable infections. However,
despite good lytic activity of ORF9 against nongrowing E.
faecalis cells, the conditions required to halt cell growth com-
pletely have not yet been found (data not shown). Therefore,
screening of enhancing factors or optimal conditions for ORF9
lytic activity will be important for its practical use.
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